Abstract-This contribution surveys recent progress in the thermochemistry of lanthanide, actinide, and early transition element organometallic compounds. General trends in metal-ligand bond enthalpy patterns across the transition series can be understood largely on the basis of straightforward electronegativity concepts. Metal-ligand bonding energetics in such unusual species as metallacycles, early transition element carbonyls and benzynes, as well as in actinide carbonylsare also quantified. Such data furthermore provide a deeper insight into do,focentered p-hydride/p-alkyl elimination, cyclometalation, and hydrocarbon functionalization processes, as well as into U(1V)-centered elimination reactions. New reactions which are examined in the light of metal-ligand bond enthalpy data include binuclear organolanthanide-centered hydrocarbon activation and organolanthanide-catalyzed hydroamination of olefins.
INTRODUCTION
A s organometallic chemistry reaches higher levels of sophistication and we strive to "engineer" increasingly complex reaction sequences, it is reasonable to inquire more deeply about the strengths of the metal-ligand bonds being made and broken in key transformations. Indeed, metal-ligand bond enthalpies can provide valuable information on metal-ligand bonding, can offer a deeper insight into known reaction pathways, and can aid in designing new transformations (refs.1-4) . In this Laboratory, interest in metal-ligand bonding energetics grew out of a progression of unusual organometallic reactions discovered at actinide, lanthanide, and early transition metal centers which suggested marked differences in metal-ligand bonding patterns vis-A-vis middle and late transition elements. In the present article, we survey our recent research in this area, focusing on trends in bond enthalpies, on analyzing known transformations, and on developing new reactions.
In this contribution, homolytic bond disruption enthalpies are defined as in eq.(l). Relative D(L,M-R) values have been determined using protonolytic (refs.5-8) or halogenolytic (refs. 9-10) titration calorimetry (eqs. (2)- (5) 
suffice to analyze numerous h M -R + L M -R ' transformations, they can be placed on a more absolute footing by approximating D(L,M-X) with the homoleptic D(M-X) value for M in the same formal oxidation state (eq.(6)9 refs, 5,8) .
Especially for X -halogen, M -lanthanide, actinide, or early transition metal, this appears to be a reasonable approximation (vide infra). LM/LMR/L&X ensembles, it is also possible to derive absolute D(L,M-R) values via the reaction sequence of eqs. (7) 
R-X -> R* + X. 
TRENDS I N METAL-LIGAND BOND ENTHALPIES
The thermochemical data now available for actinides and early transition elements allow, in combination with literature data (refs. 11-16) The strain enthalpy is defined as the diminution in the first
S O M E U N U S U A L B O N D ENTHALPIES
the present results for 4 evidence non-negligible strain. Interestingly, the strain enthalpy in the aryl-metallated species 5 is estimated to be negative in that the measured Zr-CH2CH2 bond enthalpy is greater than that predicted from the Cb2Zr(~-Bu)2 model. The reason likely resides in the tightly constrained chelation of the metallacyclic geometry and in reduced nonbonded repulsions. 
ANALYZING K N O W N TRANSFORMATIONS
Thermochemical data also provide a unique perspective on fundamental organometallic reaction patterns such as j3-hydride and j3-alkyl elimination (e.g., eqs. (15), (16) It is estimated that the -TAS contribution to AG in processes where one particle becomes two is on the order of ca. -6 --12 kcal/mol for processes as in eqs. (17)- (19) (refs. 30,31) .
Although cyclometalation processes (eq. (21)) are common in organometallic (21) R chemistry, little is known about the driving force for such reactions (are they exothermic? if s o , why?). Thermochemical data (refs. 5,8,30) for the processes in eqs. (22)- (24) indicate that all are slightly endothermic.
Enthalpically, it appears that severe steric crowing in the starting complexes (ref. 32) partly offsets the metallacyclic ring strain (refs. 5,8,30) .
The functionalization of exogenous hydrocarbon molecules by driving eq. (21) significantly in the reverse direction (eq. (25)) involves a subtle interplay of the (25) same types (vide suura) of reagent and product bond enthalpies. Thus, the relatively weak Th-C bonds of 1 and the strong C-H bonds which will be formed render 1 an effective C-H activation reagent for cases in which the new Th-C bond is relatively strong (refs. 33,34) . The stronger Th-C bonds of 2 decrease the exothermicity of such processes (ref. 30), while the weaker ("benzylic") MebC5CH2-H bond which would be formed in "ring opening" reactions of 4 is inhibiting factor in C-H activation. Although the Th-C bonds of butadiene complex 5 are also weak, the weakness the C-H bonds which would be formed upon ring opening again hinders hydrocarbon activation (ref. 35).
The properties of certain U(1V) hydrides are also explicable on the basis of metalligand bonding energetics. Thus, neither Cp3UH nor Cb2U(Cl)H (ref. 36) have been prepared despite numerous attempts. Thermochemical data (ref. 9) argue that H2 elimination (eq. (26)) from Cp3UH should be sufficiently close to thermoneutrality 2(Me3SiCgHq)3UH -> 2(Me3SiC=jH4)3U + Hp (26) likely to be an C b 2 T h 9
as to be entropically driven (as well as driven by typical preparative in vacuo isolation procedures). similar manner (ref. 36, eq.(27) ).
The apparent instability of Cp2U(Cl)H can be explained in a
ANALYSIS OF INTERESTING HYPOTHETICAL TRANSFORMATIONS
To date, solution phase thermal C-H functionalization processes at lanthanide and actinide centers have involved electrophilic, four-center pathways (e.g., transition state 6) (refs. 28,30,33) , while oxidative fied the corresponding chemistry at electron-rich transition metal centers (refs. 37,38) , In principle, the unsaturated, highly reactive low-valent organolanthanide Cp2Sm (refs. 39, 40) might be an ideal candidate for lanthanide-centered, dinuclear oxidative C-H activation processes (eq. (28) A* *tH3
that such processes will only be exothermic if the R-H bond is rather weak and/or the new Sm-R bond is rather strong, and/or the reaction is coupled to an exothermic follow-up process. entropic constraints (eq. (29)), and benzene activation (eq. (30)) is predicted to be Thus, H2 activation is not predicted to easily overcome endothermic. Both predictions are in accord with experimental c servat ,ns (refs. 10,39,41,42) . q3-allyl bonding of the product render propylene activation more promising (eq. (31)). Experimentally, the reaction of Cb2Sm and propylene is found to be rapid with C$2Sm(v3-C3H5) and propane as the only detectable products (ref. 10).
The existing thermochemical data also provide a means to test ideas about new types of do-centered insertion processes. bond (the reverse of eq. (17)) is calculated to be equally exothermic for any metal center. However, lanthanide, actinide, and early transition metal centers are atypical in that such processes can also be kinetically very facile (e.g., Nt for &La-centers exceeds 1500 at 1 atm ethylene pressure, 25OC). Given this kinetic leverage, it is intriguing to inquire about the thermodynamics of other insertion processes. The insertion of ethylene into a lanthanide amide bond is estimated to be approximately thermoneutral (eq.(34)).
Coupling this to the known, rapid (ref. 43), protonolytic process of eq.(35) yields a plausible cycle
The insertion of ethylene into a metal alkyl 
CONCLUSIONS
This short review has emphasized the importance of metal-ligand bond enthalpy data for better understanding metal-ligand bonding, for better understanding known reaction pathways, and for aiding in the design of new types of reactions. the emphasis here has been on lanthanide, actinide, and early transition element chemistry, the broad generality of the approaches discussed should be evident. 7275-7280 (1986) .
